Introduction: It remains unclear how changes to the composition and structural organisation of articular cartilage during skeletal development influences the tissues dynamic compressive properties. We have previously demonstrated that the superficial region plays a key role in determining the dynamic properties of articular cartilage by acting as a low permeability barrier during loading, where its removal decreased the tissue's ability to maintain fluid load support [1]. During skeletal development, compositional and architectural changes occur within articular cartilage. The collagen architecture changes from a predominantly isotropic structure in immature articular cartilage to a mature arcade-like zonal structure first described by Benninghoff (1925). The objective of this study is to determine how such maturational changes affect the dynamic properties of the tissue. The hypothesis of this study is that removal of the superficial region (SR) of articular cartilage will only lead to a reduction in the dynamic modulus of the tissue when it has reached a certain level of skeletal maturity. To this end articular cartilage from a variety of age groups (one month old-immature, one year old-approaching skeletal maturity and three years old-fully mature) were mechanically tested to determine both their equilibrium and dynamic modulus before and after removal of the SR of the tissue. Methods: Osteochondral cores (6mm) were harvested from the medial and lateral trochlear ridges of the femoropatellar groove of porcine knee joints within 3h of sacrifice for mechanical testing. On each respective day of mechanical testing the samples were transferred to a confined compression chamber and attached to a standard materials testing machine with a 200N XForce HP load cell (Zwick Roell Z005, Germany). A preload of 0.05N was applied to ensure contact between the articular surface and the porous indenter (30μm porosity). Cores were kept hydrated through immersion in a PBS bath at room temperature. Static compressive strains were applied in sequential increments of 10% to a maximum of 30% over 500 seconds and the equilibrium stress was recorded after each relaxation period of 1800 seconds. A 1% amplitude sinusoidal strain was superimposed after each static strain increment at a frequency of 1Hz. The aggregate modulus and dynamic modulus was determined at each strain level. After a relaxation period the SR of the cartilage was removed and the remaining osteochondral core was then placed back into the confined compression chamber and retested using the same test sequence as outlined above. Similar tests were also undertaken in unconfined compression. Samples were also analysed histologically as outlined in a previous study [1] and biochemically for sulphated glycosaminoglycan, collagen and collagen cross-linking content (data not shown). In addition, a selection of samples across age groups were decellularised and imaged in a helium ion microscope [2] (Orion® Plus, Carl Zeiss NTS). Statistical analysis was performed using a general linear model for analysis of variance with Tukey's post-hoc test for multiple comparisons used to compare zonal differences and age affects. Graphical results are displayed as mean ± 95% confidence intervals, whilst numerical data is displayed as mean ± SD. Significance was accepted at P ≤ 0.05 or as indicated. Results: The equilibrium aggregate modulus significantly increased after removal of the SR at 10% strain for all age groups (Fig.1 ). This correlated with an increase in sGAG content with depth from the articular surface. Removal of the SR had no effect on the dynamic modulus of the one month old immature tissue, however, the dynamic modulus significantly decreased after removal of the SR (at 20% and 30% offset strain) in the one and three year old mature tissue (Fig.1 ). In addition, the peak stress to equilibrium stress ratio followed the same trend, with no change in the one month old tissue after removal of the SR but a significant decrease in the one and three year old tissue, suggesting a reduced ability to maintain fluid load support. Similar results were observed in unconfined compression tests (data not shown). Biochemical analysis (data not shown) and histological data ( Fig.2A-B ) revealed a significant decrease in sGAG (%D/W) content and safranin O staining with age, but a significant increase in collagen content (%D/W) and picrosirius red staining with age. Immature collagen cross-links also decreased with age, whilst the ratio of mature to immature collagen cross links was significantly higher in the three year old mature tissue compared to the immature tissue (data not shown). The organisation of the collagen network in the SR changes during postnatal development and age. Little evidence of structural organisation can be seen in the immature one month old tissue whilst the skeletally mature one year old tissue displays the beginning of a skeletally mature architecture (Fig. 2C) . The highly birefringent superficial region displays the parallel orientation of the collagen fibres. In the middle zone these fibres arcade to a perpendicular orientation. The three year old, fully mature tissue, with intense birefringent regions in the superficial and deep zone clearly illustrates a fully developed Benninghoff architecture; where the fibres are orientated parallel to the articular
surface in the SR and perpendicular to the subchondral bone in the deep zone of the tissue. Helium ion microscopy ( Fig.3) was carried out in order to visualise how the morphology of individual collagen network fibrils and fibril connections of articular cartilage adapts with age in the SR. Fibrils were more aligned to the mature tissue, while average fibril diameter increased from 14.37±7.28 nm in the one month old immature tissue to 75.91±30.47 nm in the three year old mature tissue. Discussion: A significant increase in the aggregate modulus (HA) of the tissue upon removal of the SR was seen at all age groups, however, a significant reduction in the dynamic modulus was also observed in the mature tissue. In confined compression, characterized by one dimensional motion, fluid movements in cartilage are governed by the hydraulic permeability of the solid matrix. As the permeability of articular cartilage is low, large fluid pressures are generated within the tissue during loading, which in turn determine the dynamic properties of the tissue. An explanation for the reduction in dynamic moduli upon removal of the SR in mature cartilage may be that the SR acts as a low permeability barrier to fluid flow, supported by the finding that the ratio of peak stress to equilibrium stress also significantly reduces after removal of the SR. This phenomenon was not seen in the immature one month old tissue, which is likely due to the fact that the tissue is predominantly comprised of an isotropic structure and has yet to obtain a Benninghoff architecture. In particular, fibrils are smaller and less organised in the superficial region of immature cartilage, which likely results in a more permeable tissue. Significance: The findings of this study demonstrate that the superficial region of articular cartilage undergoes structural adaptation with age which plays a key role in determining the dynamic compressive properties of the tissue.
